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The term Chirality was coined by William Thomson (Lord Kelvin) in 1884 to describe a three-dimensional structure which cannot be brought into congruence with its mirror image through rotation and translation. [1] [2] Chirality is ubiquitous in nature, such as in atoms, molecules, macromolecules or supramolecules, crystals, macroscopic objects and various life forms. 1 Particularly, α-amino acids, as the building blocks of peptides and proteins in all the life forms, are chiral molecules, possessing a common structure with a central carbon atom called α-carbon (C α ) with four covalent bonds connecting to four distinctive chemical species: a hydrogen (-H), an amine group (-NH 2 ), a carboxyl group (-COOH), and a fourth group (-R) as side-chain. 3 Of the two mirror images, i.e. the optical isomers or enantiomers, of each α-amino acids , i.e., L-amino acids and D-amino acids, only the L-amino acids are commonly found in all the life forms on Earth, and the D-amino acids are generally absent, 3 a phenomenon called homochirality of life with no satisfactory answer to how it was initiated. 3 How this homochirality of α-amino acids governs or connects to other chemical properties of the peptides or proteins is not known and rarely discussed in the literature. Such connections might provide critical clues for the understanding of the phenomenon of homochirality itself and the question on the origin of life.
There have been various spectroscopic analytical methods for characterization of the molecular chirality, including circular dichroism (CD), [4] [5] [6] optical rotatory dispersion (ORD), 7 Raman optical activity (ROA), 8 mass spectrometry, [9] [10] and nuclear magnetic resonance (NMR). [11] [12] [13] However, with these techniques, experimental measurement and theoretical interpretation of molecular chirality are still not straightforward in practice. The recent development of the chiral SFG-VS provides new opportunities in this regard for its sub-monolayer sensitivity and straightforwardness of interpretation.
Sum-frequency generation vibrational spectroscopy (SFG-VS) has been developed since the 1980s as powerful nonlinear spectroscopic tool for molecular surface and interface studies, with its unique interface selectivity and sub-monolayer sensitivity. 1, [14] [15] Particularly, the polarization dependence of the SFG vibrational spectra can provide detailed information on symmetry of vibrational transition, allowing selection rules for spectral peak assignment, quantitative molecular orientation analysis, and determination of molecular chirality. It has been long known that SFG can be used to probe bulk chirality since 1965, [16] [17] and SFG-VS was used to study the vibrational chirality of limonene liquid in the early 2000s. 18 SFG-VS study of surface chirality was subsequently developed for simple liquid surfaces and biomolecular surfaces using the chiral intensity measurements. 15, [19] [20] [21] [22] [23] [24] [25] Amongst these studies, we find that the observations of the chiral SFG-VS spectra for the N-H group in the 3000-3500cm -1 range in the folded peptides and proteins are most striking. 15, 24, [26] [27] Since the unfolded N-H does not give any chiral SFG-VS signal, this characteristic N-H chiral signature can be used to reveal the hydrogen-boning structure of the folded peptides and proteins, as well as to study the folding and unfolding processes of peptides and proteins. As reported, two N-H peaks in the chiral SFG-VS intensity spectra of the L-LK 7 β peptide with an anti-parallel were identified; 26 and later through D 2 O and H 2 18 O isotope exchange experiment, one of the two peaks was re-assigned to a chiral water O-H stretching vibration. 27 Similar N-H spectra were also observed for several proteins, but detailed analysis of these spectra is yet to be reported. [24] [25] Further studies on these chiral N-H or O-H bands need to be explored.
It is known that phase-resolved SFG spectra can provide additional information of molecules on surfaces and interfaces. 1 External heterodyne phase resolved (EHPR) chiral SFG-VS spectra were reported by Ishibashi and co-workers for limonene, poly lactic acids and proteins molecules at surface and interfaces. [28] [29] [30] In these studies phase-resolved Chiral N-H spectra of several proteins were reported, while the spectral resolution and spectral line shape were limited. To further these studies, the recently developed sub-wavenumber high-resolution broadband SFG-VS (HR-BB-SFG-VS) [31] [32] and the internal heterodyne phase-resolved (IHPR) SFG-VS technique using the a-quartz crystal as the absolute intensity and phase standard 25, [33] [34] can be employed. Using HR-BB-SFG-VS one can obtain SFG-VS spectra with intrinsic line shape and high signal-noise ratio; while using the IHPR SFG-VS one can obtain SFG-VS spectra with absolute chirality.
Here, we report the first IHPR HR-BB-SFG-VS measurement on the absolute chirality of the C α -H and N-H stretching vibrations in both L-LK 7 β and D-LK 7 β peptides. We found that when change from the L-LK 7 β peptide to the D-LK 7 β, not only the absolute chirality of the C α -H spectra flips, but also the absolute chirality of the whole N-H spectra flips. Therefore, in the folded peptide is in the incident plane, and s polarization means the transverse electric field vector is perpendicular to the incident plane.) polarization combination IHPR HR-BB-SFG-VS spectra of the L-LK 7 β and D-LK 7 β in the C-H stretching vibration region. In order to obtain the phase-resolved psp spectra of the LK 7 β thin film on the α-quartz surface, two SFG intensity spectra were obtained with the α-quartz azimuthal angle (φ) set at 90° and 270° from its +x direction, as defined in Scheme 1 in the Experimental section. The two spectra appear to be inverted from each other, but not as close to complete mirror images with respect to the unit baseline. Such behavior is well understood and described with eqs 1 and 3. [33] [34] 36 With the contribution from the α-quartz bulk changes sign as its azimuthal angle changes from 90° to 270°, and the contribution from the rotationally isotropic LK 7 β thin film remains the same, the overall spectra as the result of the interference between the α-quartz and the LK 7 β thin film contributions. Also from the data in Figure 1 , the spectra for L-LK 7 β and D-LK 7 β with the same azimuthal angle of the α-quartz are inverted from each other. This explicitly indicates that the phases or signs of the L-LK 7 β and D-LK 7 β SFG  (2) contributions are opposite to each other, which is expected from theory and previous experimental measurement for molecules with opposite chirality. 16, 22, [28] [29] There are three main peaks, i.e. ~2940, ~2960 and ~2984 cm -1 , in the LK 7 β psp SFG spectra in the C-H region. The ~2984 cm -1 peak was assigned to the chiral C α -H stretching vibrational mode in previous chiral SFG literature. [36] [37] Moreover, from the vibrational CD (VCD) spectra of various amino acids in aqueous solution, 38 the C α -H stretching vibrational frequencies of leucine is around ~ 2965cm -1 and that of lysine is around ~2980 cm -1 . As the LK 7 β peptide consist of four leucine and three lysine amino acids, it is most likely that the 2960cm -1 peak observed in the psp SFG spectra contains contribution from the chiral C α -H group of leucine; while the 2984cm -1 peak contains contribution from the chiral C α -H group of lysine. Complete assignment of all the peaks in the psp C-H spectra requires additional works. Nevertheless, all these peaks are with chiral characteristics as they are measured in the psp polarization combination, where only the contributions from the intrinsic chirality and prochirality can be possibly detected. 21, 39 Moreover, the fact that all these chiral C-H peaks are with opposite phases for the L-LK 7 β and the D-LK 7 β peptides strongly suggests that the intrinsic chirality and the prochirality of the LK 7 β peptide in the C-H region are well correlated. In addition, we also found that such correlation is also true for the chiral spectra of the N-H stretching vibration region in the L-LK 7 β and the D-LK 7 β peptides psp SFG spectra. The psp IHPR HR-BB-SFG-VS spectra of the L-LK 7 β and the D-LK 7 β peptides on the α-quartz surface at the two azimuthal angles of 90° and 270° are shown in Figure 2 . Unlike the spectra in the C-H region, the N-H spectra at the azimuthal angles of 90° and 270° are significantly different and is not at all resemble invert mirror image to each other. The reason for this is that the LK 7 β contribution to the SFG signal far exceeded the contribution from the α-quartz bulk. Nevertheless, it is clear in Figure 2 that the N-H chiral SFG spectra for the L-LK 7 β and the D-LK 7 β peptides at the opposite azimuthal angles, i.e. L-LK 7 β at 90° and D-LK 7 β at 270°, and vice versa, are almost the same. This indicates that the chiral N-H spectra are with opposite phases or signs for the L-LK 7 β and the D-LK 7 β peptides. It has been shown that the absolute chiral Im[χ (2) ] spectrum can be calculated using eq 4, similar to the achiral Im[χ (2) ] spectrum. [33] [34] The results of the C-H and N-H regions absolute chiral Im[χ (2) ] spectrum in psp are shown in Figure 3 . Also shown in Figure 3 are the chiral intensity spectra in psp for the C-H and N-H regions. Here, the psp intensity spectra are consistent and have improved line shape in comparison to the psp intensity spectra in the literature. [26] [27] However, it is evident that the psp intensity spectra contain less spectral information than the phase-resolved psp spectra, suggesting that even though the HR-BB-SFG-VS is advantageous over the convention resolution BB-SFG-VS, but also phase-resolved HR-BB-SFG-VS has addition advantages over the intensity HR-BB-SFG-VS. Table 1 .
It is clear that in Figure 3A and Figure 3B the psp Im[χ (2) ] spectra for both the C-H and N-H spectra of the L-LK 7 β and the D-LK 7 β peptides closely resemble mirror image to each other for the peptides with the opposite chiralities. As the phase or sign of the Im[χ (2) ] spectrum thus obtained from the eq 4 is absolute phase or sign, 34 it is interesting to see that the main peaks in the C-H region ( Figure 3A ) and the N-H region ( Figure 3B ) are with opposite phases or signs for the LK 7 β peptide with the same chirality. Closer examination of the intensity and the Im[χ (2) ] psp spectra in Figure 3B and Figure 3D , respectively, shows that there are more than two apparent peaks in the N-H region. Our results here are different from the previously reported results of two peaks with the measurement of the BB-SFG of conventional spectral resolution (~17 cm -1 ). [26] [27] Since the Im[χ (2) ] spectra directly show the phase or sign of each peak, therefore, on the psp Im[χ (2) ] spectra in the N-H region ( Figure 3B ), it is apparent that the weaker peaks on the lower frequency side are have opposite phases to that of the peaks on the higher frequency side. In comparison, the fitting of the psp intensity spectra in the N-H region reported previously concluded that the two peaks have the same phase. [26] [27] The global fitting parameters of the psp spectra in the N-H region for the L-LK 7 β and the D-LK 7 β peptides ( Figure 2 ) are listed in the Table 1 . We chose to present the fitting results of the raw data in Figure 2 , because with more spectra the fitting parameters are usually more stable, even though fitting of the Im[χ (2) ] spectra in Figure 3B also generate very similar parameters.
As in Table 1 , there are four peaks in the N-H region, with the two peaks in the lower frequency region having the opposite phase to those of the two peaks in the higher frequency region.
Even though the peak height of the second peak (~3250 cm -1 ) from the left side of the spectra appears to be with relatively low amplitude, the fitting parameter show it is rather strong and the apparent height is the results of the interference effect of the this peak with the third peak (~3270 cm -1 ) close by with a opposite phase. Nevertheless, with the fact that four peaks are now unambiguously identified, the previous assignments for only two peaks with the same phase in this spectral region, either to two N-H modes, 26 or to one N-H and one O-H modes, 27 have to be re-examined. (Note add as proof: Based on the results presented here, the Yan group at Yale University has been conducting the D 2 O and H 2 18 O isotope experiments for both the L-LK 7 β and the D-LK 7 β peptides deposited on the α-quartz surface using the IHPR protocol as in this work towards the assignment of the four peaks based on the measurement of the psp Im[χ (2) ] spectra. The preliminary results confirmed the existence of the four peaks and their corresponding phases in this spectral region, and these results shall be reported jointly in the near future.) The reason that we can have four peaks and their phases resolved is that we made the measurement with two new techniques, one is the sub-wavenumber (~0.6 cm -1 resolution) HR-BB-SFG-VS [31] [32] and also the recently developed IHPR measurement method. 25, 34 Nevertheless, in spite of the above uncertainties on the assignments of the spectral peaks in the N-H psp Im[χ (2) ] spectral region, the complete one-on-one correlation between the chirality of the C α -H group, the phases of the spectral peaks in the C-H chiral psp spectral region and the phases of the peaks in the N-H chiral psp spectral region, has not been established before, as here is the first report on the phase-resolved chiral spectral measurement of both the C-H and N-H chiral SFG spectra for the L-LK 7 β and the D-LK 7 β peptides. The observation of the chirality of the N-H stretching vibrational modes in the folded peptides and proteins has only been possible with the recent development of the surface chiral SFG-VS. 15, [24] [25] [26] [27] The N-H group in peptide and protein exist primarily in the formation of the peptide bond, which forms the backbone structure of peptides and proteins. 3 In particular, as the peptide or the protein folds, the N-H group of the peptide bond usually forms hydrogen-bonds with the amide carboxyl group nearby to stabilize the protein secondary structures. 3, 15 In these secondary structures, α-helix and β-sheet are common motifs and play a dominant role in determining the protein three-dimensional structure. 3 It is worth noting that the N−H chirality is not intrinsic chirality. When the N-H group in the peptide is not hydrogen-bonded, the rapid inversion of the tetrahedron structure of the nitrogen atom, here exhibits as the rapid exchange of the hydrogen and the lone pair electrons on the same nitrogen atom, makes it intrinsically enantiomeric. [40] [41] [42] There were recent reports of chiral water O-H stretching vibrational spectral signatures using chiral SFG-VS. 27, 43 Such scenario can be rationalized with simple consideration of the structure of the water molecule. We all know that each water molecule has two O-H groups and two lone pair electrons on the center oxygen atom. When water molecule is in the gas phase or with a tetrahedron hydrogen bonded structure, it has a C 2v symmetry and the structure is not chiral. However, when a water molecule is in an anisotropic confined space with a fixed structure forming asymmetric In summary, we carried the IHPR HR-BB-SFG-VS measurements and determined the absolute phase chiral Im[χ (2) ] spectra of the N-H and the C α -H group in the folded peptides of L-LK 7 β and D-LK 7 β. We found that the absolute phase of the chiral Im[χ (2) ] spectra of the C α -H group, the (2) ] spectra for both the L-LK 7 β and the D-LK 7 β folded peptides in the 3000-3500 cm -1 spectral region, which are different from the previously reported two peaks. [26] [27] It also calls for a detailed study and analysis towards assignments of the origins of these peaks using the phase-resolved SFG-VS. Together, these results provided new information on the understanding of the peptide and protein structures and interactions, and might lead to answers to the important questions regarding the origins of life. Furthermore, these results also indicate that phase-resolved chiral SFG-VS is a unique new tool and opens new directions for the study of chiral structures and interactions of molecular chirality in general, and of macro-biomolecules in particular.
EXPERIMENTAL METHODS
Sample Preparation. The peptides L-LK 7 β and D-LK 7 β, as well as the LK 7 β with mixed L-and D-chirality, with a purity of 95% were purchased from GL Chemicals initially; and the peptides L-LK 7 β and D-LK 7 β with a purity of 95% were purchased from Guoping Pharmaceutical later.
These peptides were used directly without further purification and the SFG spectral results from the Here, in order to obtain psp IHPR SFG spectra, measurements with the α-quartz azimuthal angle φ = 90° and 270° were conducted, where the α-quartz psp polarization combinations SFG intensity signal is at maximum. 34 Scheme 1 shows the IHPR SFG-VS experimental configuration at α-quartz azimuthal angle φ = 90° and φ = 270°, and the α-quartz absolute +x (i.e, φ = 0°) direction is defined as in the literature. 34 It is worth noting that in order to obtain the absolute phase of the Im[χ (2) ] spectra, the difference between the azimuthal rotation angle (ϕ) in the laboratory frame, which has unambiguously defined in literature, 34 and the azimuthal angle (φ) of the α-quartz, need to be unambiguously distinguished. The former is defined as the counter-clockwise rotation angle (ϕ) along the +Z axis from its +X direction in the laboratory frame; while the latter is defined as the counter-clockwise rotation angle (φ) along the +z direction of the α-quartz crystal unit cell from its +x direction. Therefore, the relationship between them is = 360°− . Otherwise, confusing these angles will cause the absolute phase of the Im[χ (2) ] spectra to be inconsistent. The right-handed z-cut α-quartz crystal coordinate system is defined as (x, y, z). The laboratory coordinate system is defined as (X, Y, Z). The incident plane of the copropagating reflection geometry SFG-VS experiments locates in the X-Z plane.
Principle of IHPR. α-Quartz as an absolute phase reference standard has been established using IHPR SFG-VS measurement. [33] [34] 36 In brief, the SFG signals are made up of the surface contributions from the adsorbed molecular layer and the bulk contribution from α-quartz crystal.
One has, term is purely imaginary as it is the contribution from the bulk of quartz. The surface molecule is in resonance, then the (2) S  term consists of both the real term ( (2) ,Re S  ) and the imaginary term ( (2) ,Im S  ). Assuming a Lorentzian line shape for the vibration spectra, one has, (2) (
where the (2) NR  term is a non-resonant, which originated from the surface molecular layer. The A q , ω q and Γ q terms are the strength, resonant frequency, damping coefficient of the qth mode, respectively.
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Finally, the molecule pure Im[χ (2) ] spectrum can be obtained from, 
